Fleenor BS, Bowles DK. Exercise training decreases the size and alters the composition of the neointima in a porcine model of percutaneous transluminal coronary angioplasty (PTCA). J Appl Physiol 107: 937-945, 2009. First published June 25, 2009 doi:10.1152/japplphysiol.91444.2008.-Exercise training (EX) following percutaneous transluminal coronary angiography (PTCA) reduces progression to restenosis and increases event-free survival rates. Our aim was to determine whether EX inhibits lesion development and/or alters the extracellular matrix (ECM) composition of the neointima (NI) in a porcine PTCA model. Miniature Yucatan swine were assigned to cage confinement (SED) or EX for 20 wk. After 16 wk, all animals underwent a PTCA procedure of the left anterior descending artery (LAD) and left circumflex artery (LCX), with subsequent placement of an externalized jugular catheter. Animals recovered for 2 days and then resumed the previous protocol of SED or EX. Twelve days following PTCA, all animals received an intravenous bromodeoxyuridine (BrdU) injection to label proliferating cells. At 28 days following PTCA, the animals were euthanized, the LAD and LCX excised, and underwent standard histological processing for total collagen, type I collagen, fibronectin, BrdU, and Verhoeff-van Gieson stain. Our results demonstrate that EX significantly decreased lesion size and NI proliferation (Ϫ48%) in the LAD (P Ͻ 0.05) but not the LCX. Furthermore, EX attenuated type I collagen expression only in LAD, whereas total collagen was increased (5.9%) and fibronectin was decreased (Ϫ7.9%) in the NI of both vessels (P Ͻ 0.05). In conclusion, EX following PTCA may increase event-free survival rates following PTCA by decreasing lesion size and altering ECM composition.
proliferation; extracellular matrix EXERCISE TRAINING (EX) has been shown to increase event-free survival rates and inhibit restenosis progression in humans (3) and inhibit neointimal formation in rodents (18, 24, 34) . Neointimal formation following angioplasty, both with and without stent deployment, is primarily due to smooth muscle proliferation, migration, and smooth muscle-derived matrix synthesis. Thus proliferation following percutaneous transluminal coronary angioplasty (PTCA) is a critical therapeutic target for the prevention of restenosis. We have previously shown that coronary smooth muscle (CSM) from exercisetrained swine exhibit an attenuated proliferative response to mitogens, in vitro (40) . Accordingly, EX inhibited smooth muscle cell (SMC) proliferation in balloon-injured rat carotid arteries (18) . Thus exercise attenuation of CSM proliferation may be a primary mechanism for the salutatory effects of exercise on restenosis following PTCA in humans.
Recent experimental evidence has elucidated the role of proinflammatory cytokines as a key component in the proliferation of intimal cells, resulting in expansion of the neointima (NI) following balloon injury (23, 28) . Conversely, the putative anti-inflammatory molecule TGF-␤1 has been shown to reduce NI formation, suggesting that there is a proinflammatory and anti-inflammatory balance that regulates neointimal formation after vascular injury (21) . Despite reductions in intimal hyperplasia with EX, no studies have assessed the effects of EX on postangioplasty neointimal size, composition, and the circulating anti-inflammatory molecule TGF-␤1. However, several studies have examined the effects of EX on circulating TGF-␤1 in healthy humans and animals. These investigations have demonstrated acute increases in plasma concentrations of TGF-␤1 with aerobic EX (7, 15, 16) . Furthermore, collagen type I and fibronectin, two extracellular matrix (ECM) proteins, are elevated in the NI following injury (6, 9, 10, 13, 37, 43) and have been shown to stimulate SMC proliferation in vitro (17, 20, 35, 36) . In atherosclerotic animals, the TGF-␤ family enhances total collagen expression in vascular lesions (27, 30) . Although total collagen is enhanced, it is unknown whether TGF-␤1 suppresses the upregulation of collagen type I and fibronectin, thus attenuating intimal proliferation and NI formation.
On the basis of the aforementioned findings, the purpose of the present study was to determine whether EX 1) inhibits proliferation and the ensuing NI formation and/or 2) alters ECM expression in porcine coronary arteries following PTCA. We hypothesized that EX training would decrease NI proliferation and lesion size and alter ECM expression in the NI as reflected by increased total collagen and decreased fibronectin and type I collagen. Additionally, we hypothesized that these effects would be associated with acute increases in circulating concentrations of the anti-inflammatory molecule TGF-␤1.
MATERIALS AND METHODS
Animals. Intact male Yucatan miniature swine (ϳ40 kg) were obtained from the breeder (Sinclair Farms) and housed in the College of Veterinary Medicine, University of Missouri, Columbia, MO. Animals were on a 12-h light/dark cycle, fed a normal chow diet, and had water available ad libitum. The pigs were randomly assigned to cage confinement (SED ϭ 7) or exercise training (EX ϭ 8) for 20 wk.
All protocols were approved by the University of Missouri's Animal Care and Use Committee.
Exercise training. Before PTCA, the exercise-trained animals (n ϭ 8) underwent a progressive treadmill endurance training program (4, 5, 14, 25, 26) consisting of the following: week 1, a 5-min warm up at 2 mph, sprint run at 4 -5 mph for 15 min, endurance run at 3 mph for 25 min, and cool down at 2 mph for 5 min, performed 5 days/wk. The intensity and duration of exercise increased over 11 wk in a manner that was dependent on each animal. At week 12, the swine were running for 85 min a session, 5 days/wk. The warm up was 2.5 mph for 5 min, sprint training at 6 -7 mph for 15 min, endurance training at 4 -5 mph for 60 min, and cool down at 2.5 mph for 5 min. This protocol was maintained until week 16 . At week 16 all animals (SED and EX) underwent a PTCA with externalized jugular catheter placement (see Surgery). Following the surgical intervention, the exercise-trained animals recovered for 2 days in their pen. On the third day, the pigs were reintroduced to exercise training at an intensity and duration level dependent on the animal's ability. The intensity and duration was increased until the presurgery intensity was resumed (typically within 3-5 days). This protocol was maintained until week 20 when the animals were euthanized. A range of speeds are given because of the variable exercise capacities of the animals.
Surgery. All swine were subject to a PTCA with subsequent externalized jugular catheter placement. Swine were sedated with an intramuscular injection (5 mg/kg telozol, 2.2 mg/kg xylazine, and 0.5 mg/kg atropine), intubated, and anesthetized with 2% isoflurane (AErrane, Baxter) and 1 l/min oxygen via mechanical ventilation (Mallard Medical) maintained anesthesia. Excede (5 mg/kg) was given intramuscularly. A catheter was placed in a vein of the ear to introduce fluids (lactated Ringers) and heparin. Heart rate, blood pressure, temperature, and oxygen saturation were monitored during the procedure. A right femoral artery cut down was performed, the artery exposed, and a 7F introducer inserted. Heparin (300 U/kg) was administered following femoral access and maintenance doses given every hour (100 U/kg). A guide catheter (6F) was directed up the aorta and engaged into the left ostium under fluoroscopic guidance. The left circumflex (LCX) artery was selectively engaged, and contrast dye (Visipaque 320 mgI/ml; Amersham Health) was injected to obtain angiograms. The artery was visualized with fluoroscopy, and arterial diameter was determined by quantitative angiography (Infimed) 2 min after intracoronary nitroglycerin. To induce injury, a 1.3-1.4:1.0 overinflation was performed using a standard balloon catheter (Maverick, Boston Scientific) directed into the selected site. The balloon catheter was inflated three times for 30 s at the target pressure, with a 1-min break between inflations. The angioplasty procedure was then repeated for the left anterior descending (LAD) artery.
Following PTCA and surgical closure of the leg, an externalized jugular catheter was placed to allow for blood draws and injections (see Bromodeoxyuridine injections). The right jugular vein was exposed, and an autoclaved catheter (Saint-Gobain Tygon tubing, formulation S-54-HL, Fisher Scientific; ID ϭ 0.050 in., OD ϭ 0.090 in.) was inserted and positioned just cranial to the heart in the vena cava. The catheter was externalized on the midline of the dorsal aspect of the neck with a custom-made trocar. Postsurgery animals received rimadyl (3 mg/kg) and buprenophine (0.01 ml/kg) injections. Aspirin (365 mg) was given the day before, the day of, and the day following surgery, with a maintenance dose (162 mg) given daily thereafter. Animals were euthanized on day 28 following surgery. The heart was surgically removed, under anesthesia, as approved by the Panel on Euthanasia of the American Veterinary Medical Association.
Bromodeoxyuridine injections. To label proliferating cells in vivo bromodeoxyuridine (BrdU Ϫ30 mg/kg), dissolved in lactated Ringer's (30 mg/ml), was injected twice, 12 h apart, on day 12 postinjury. Injections were performed on day 12 to label proliferating cells within the expanding NI (29, 38) .
Blood sampling. Blood was sampled from both EX and SED animals on day 21 following PTCA. The EX animals were placed on a treadmill with blood sampled immediately before exercise, at peak exercise, and 1, 2, and 4 h postexercise. The SED animals were placed on the treadmill, had blood withdrawn, and were returned to their pen without exercising.
Plasma concentrations of anti-inflammatory molecules.
To assess plasma concentrations of TGF-␤1, samples were spun down in tubes containing EDTA at 1,000 g for 20 min. The plasma was collected and stored at Ϫ80°C until it was assayed. Plasma was assayed according to the manufacturer's protocol for porcine-specific TGF-␤1 ELISA kit (R & D Systems). A standard curve was plotted, and concentrations were calculated from the curve.
Morphology. Following euthanasia, the LAD and LCX coronary arteries were dissected out and fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned (5 m). Sections were stained with Verhoeff-van Gieson (VVG) elastic stain to quantify lesion size. After the staining with VVG, intimal/medial thickness (IMT) was determined by measuring the thickest point of the NI (intima) and the uninjured medial wall opposing the injury. The IMT was normalized to the rupture index (RI), where RI ϭ medial dissection distance/ internal elastic lamina distance, and the data were presented as IMT/RI.
Immunohistochemistry. Paraffin-embedded sections were deparaffinized and manually stained. Tris buffer and water wash were utilized after each step. Avidin/biotin blocking solution (Vector SP-2001) inhibited background staining, and endogenous peroxidase activity was quenched with 3% hydrogen peroxide. Nonspecific protein binding was inhibited with non-serum protein block (Dako). Primary antibodies, BrdU (1:200, Zymed), fibronectin (1:800, Dako), scavenger receptor A (SRA; 1:100, Transgenic), and collagen type I (1:200, Abcam) were incubated overnight at 4°C. After a 5-min exposure to diaminobenzidine (Dako), the staining was visualized. BrdU-and SRA-stained slides were counterstained with hematoxylin to visualize the nuclei.
Picrosirius red was used to stain for collagen fibers. Following deparaffinization, 0.2% phosphomolybdic acid was applied for 2 min to stabilize aqueous hydrogen peroxide. Slides were rinsed in distilled water, and filtered picrosirius red was added for 110 min and rinsed; slides were then dehydrated and coverslipped.
Quantification. Digital photomicrographs were obtained using an Olympus BX60 photomicroscope, and quantification was performed with ImagePro software. Representative images are presented in Fig. 1 to demonstrate where the quantitative analysis was performed on the uninjured media and the NI of the LAD and LCX. To quantify the BrdU and SRA stainings, three regions of interest were counted three times each with the data expressed as mean percentages (BrdUpositive cells/total cells ϫ 100).
To determine total collagen (types I and III; nonpolarized) and fibronectin density, the entire region of interest (uninjured media or NI) was quantified. A pixel-by-pixel analysis was performed with a predetermined and optimized red-green-blue color model (ImagePro software). The density for each slide was normalized to a positive control (kidney or bone) stained on the same day.
Statistical analysis. Data are presented as means Ϯ SE. Statistical analysis was performed with Sigma Stat 3.5 software. A two-way ANOVA was used to analyze all histological data. Post hoc analysis was performed with the Bonferroni t-test.
RESULTS
To determine the effects of exercise training on proliferation, BrdU was administered intravenously on day 12 to label mitotic cells in the NI and uninjured media. Neointimal formation following PTCA was associated with a large increase in cell proliferation (Fig. 2) . EX inhibited NI proliferation in the LAD (5.5 Ϯ 1.1% vs. 10.7 Ϯ 1.4%; P Ͻ 0.05; Fig. 2 ) but not LCX (9.1 Ϯ 0.7% vs. 8.1 Ϯ 0.5%; Fig. 2) . Furthermore, EX inhibited medial SMC proliferation in uninjured vessels ( Fig.  2 ; main effect of EX; P Ͻ 0.05). A similar trend was observed with regard to NI formation. Morphological analysis revealed a main effect of EX to inhibit lesion size ( Fig. 3 ; P Ͻ 0.05). However, the preponderance of the exercise effect occurred in the LAD ( Fig. 3 ; P Ͻ 0.1). Taken collectively, these data demonstrate that EX attenuates NI proliferation, resulting in reduced lesion size in the LAD, not the LCX.
To investigate the effects of exercise training on ECM expression, total collagen, type I collagen, and fibronectin densities were assessed in the NI and uninjured media. Total collagen density was significantly increased in the NI of the EX animals compared with the SED group ( Fig. 4 ; main effect; P Ͻ 0.05). Conversely, EX attenuated collagen density in the uninjured media compared with the SED (Fig. 4 ; main effect; P Ͻ 0.05). Total collagen density was unaffected by vessel type. Type I collagen was assessed to ascertain whether decreases in this ECM protein correlates with decreased proliferation and lesion size. Interestingly, no significant differences were observed between the NI and uninjured media for all conditions, indicating that type I collagen was unaffected by injury. Therefore, the NI and uninjured media data were pooled for each condition, and statistical analysis was performed on the pooled data. Our results demonstrate an effect of EX to decrease type I collagen in the combined NI and uninjured media in the LAD compared with the LCX ( Fig. 5 ; P Ͻ 0.05), indirectly supporting a role for type I collagen in SMC proliferation (17) . Furthermore, EX modestly decreased fibronectin expression in the NI with no change in the uninjured media ( Fig. 6 ; main effect; P Ͻ 0.05). Collectively, these data demonstrate that EX alters ECM composition in both the normal vascular wall and NI formation following PTCA.
To assess the potential role of circulating anti-inflammatory cytokines in mediating the EX effects on coronary NI and ECM changes, blood was sampled before, immediately after, and 1, 2, and 4 h postexercise. Our results demonstrate a peak in circulating TGF-␤1 concentrations 2 h postexercise that returned to near preexercise concentrations by hour 4 (Fig. 7) . To determine whether EX had an effect on inflammation in the vascular wall, macrophage infiltration was determined histologically as SRA-positive cells. Our data demonstrate that EX tended to decrease macrophage accumulation in the LAD but not the LCX (Fig. 8 ). These results demonstrate that EX acutely increases circulating concentrations of TGF-␤1 and may affect macrophage accumulation in the NI.
DISCUSSION
Exercise training following PTCA attenuates restenosis progression and hospital readmissions and increases event-free survival (3). EX also has been shown to inhibit endothelin-1-induced coronary SMC proliferation (42) , representing a potential mechanism for reduced NI growth following PTCA. Therefore, we hypothesized that EX would decrease lesion proliferation and size as well as favorably alter NI ECM composition, in association with acute increases in circulating anti-inflammatory molecule TGF-␤1, as a potential mechanism for increased event-free survival following PTCA. The present investigation demonstrated for the first time in the coronary vasculature, the effects of EX to 1) inhibit neointimal proliferation and subsequent lesion development in the LAD but not the LCX, 2) inhibit SMC proliferation in the uninjured LAD and LCX, 3) increase total collagen in the NI of the LAD and LCX, 4) decrease total collagen expression in the uninjured media, 5) attenuate fibronectin expression in the NI of both coronary arteries, and 6) acutely elevate plasma concentrations of TGF-␤1.
Attenuation of lesion size with swimming in the rat carotid has been ascribed to decreased medial and intimal SMC proliferation (18) . In this present investigation, we directly assessed the in vivo effect of treadmill EX on coronary NI proliferation at a time when the NI was actively expanding. BrdU, a thymidine analog that incorporates into newly synthe- Fig. 4 . Total collagen density is altered with EX. Total collagen density within the NI was significantly increased with EX, whereas EX attenuated collagen expression in the uninjured media. *P Ͻ 0.05, main effect of exercise in NI; **P Ͻ 0.05, main effect of exercise in uninjured media (n ϭ 5-8 for all conditions). Fig. 5 . EX inhibits type I collagen expression in the LAD. Type I collagen density was significantly reduced with EX in the LAD, but no effect was observed in the LCX of EX animals. *P Ͻ 0.05 vs. EX LCX (n ϭ 13-16 for all conditions; NI and uninjured data pooled for each vessel and condition).
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EXERCISE TRAINING AND PTCA sized DNA (i.e., proliferating cells), was injected intravenously 12 days postinjury to label proliferating cells of the NI. Our results demonstrate inhibition of intimal proliferation by decreased incorporation of BrdU in the developing NI of LAD but not the LCX with EX. Furthermore, our data demonstrate a main effect of EX to inhibit lesion size with the preponderance of the EX inhibition in the LAD (46%) compared with the LAD (16%). These data collectively demonstrate an effect of EX training to inhibit intimal proliferation and lesion size in the LAD but not the LCX. Furthermore, EX significantly decreased proliferation in the uninjured vessels of both the LAD and LCX, supporting our previous findings of reduced SMC proliferation with EX (42) . Taken together, these results demonstrate that EX exerts an overall inhibition of coronary SMC proliferation throughout the coronary vascular wall and inhibits NI growth; however, these effects are predominant in the LAD compared with the LCX.
Collagen provides tensile strength and is elevated in carotid lesions of EX-trained rodents following chemical injury (34) . We observed a significant increase in total collagen in both the LAD and LCX arteries, supporting our hypothesis that EX increases total collagen in our coronary balloon injury model. We further hypothesized that EX would decrease type I collagen expression in the NI, thus attenuating intimal proliferation and the ensuing NI. In support of this, we found a significant attenuation of type I collagen in the LAD of EX animals, but not in the LCX, consistent with a role for type I collagen in SMC proliferation (17, 20, 35) . Type I collagen, which contributes to arterial stiffness (2), also was attenuated in the uninjured medial sections in the LAD of EX animals, consistent with previous findings of an increase in arterial compliance with exercise (33) . Recent evidence has demonstrated that normal physiological cyclic stretch decreases proliferation and matrix metalloproteinase (MMP) activation (12) . Our data suggest that the EX-induced decrease in type I collagen could enhance elasticity of the LAD, potentially contributing to inhibition of proliferation and lesion formation.
Fibronectin is upregulated following vascular injury (6, 9) and has been shown to enhance SMC proliferation in vitro (36) . Interestingly, EX inhibited the upregulation of fibronectin in both the LAD and LCX. However, whereas fibronectin was significantly reduced by EX in both vessels, proliferation was inhibited only in the LAD. These data indicate that either fibronectin synthesis does not play a major role in regulating NI SMC proliferation in vivo or that there are other contributing factor(s) unique to the LAD. Fibronectin may also alter Fig. 6 . Neointimal fibronectin is reduced with EX. EX attenuated fibronectin density within the NI, with no effect on the uninjured media. *P Ͻ 0.05, main effect of exercise (n ϭ 5-8 for all conditions). lesion composition by attenuating the inflammatory response following PTCA. Inflammatory cells, including macrophages, infiltrate the vascular wall in response to PTCA (22, 32) and release cytokines, stimulating proliferation and migration of SMC. Fibronectin is associated with macrophage accumulation in atherosclerotic lesions (1, 8, 31, 40) , suggesting that the EX-induced decrease in NI fibronectin may attenuate macrophage infiltration into the NI. However, we found no conclusive evidence that EX altered macrophage accumulation although a nonsignificant trend was observed for decreased macrophages within the NI of the LAD in the EX animals (Fig. 8) .
TGF-␤1 inhibits lesion size following balloon injury in animal models of PTCA (21) . Moreover, EX is known to increase circulating levels of the anti-inflammatory molecule TGF-␤1 in humans (7, 15, 16) and represents a potential mechanism by which EX could inhibit lesion size and alter ECM composition. Therefore, we assessed the effects of EX on the circulating concentrations of TGF-␤1 following PTCA. Plasma levels of TGF-␤1 increased 2 h postexercise, returning to near baseline levels at 4 h postexercise, indirectly supporting a role for acute increases of TGF-␤1 with EX in altering ECM composition.
Although the reason(s) for the observed coronary artery specific effects of EX are currently unknown, a potential explanation for the inhibition of collagen type I in the LAD, but not the LCX, is nitric oxide (NO). Rodents undergoing chronic NO inhibition with nitro-L-arginine methyl ester have demonstrated elevated total collagen and type I mRNA in resistance vessels in the kidney (41) , indicating that NO suppresses type I collagen expression. Although shear-induced NO release should increase during EX thereby inhibiting collagen type I expression, potentially lower laminar shear in the more torturous LCX may produce less NO compared with the relatively straight LAD, thus contributing to decreased type I collagen and attenuating NI proliferation and size in the LAD.
A second potential explanation for the differential effects of EX on NI formation in the coronary arteries is differential macrophage accumulation between the LAD and LCX. A trend was observed for EX to decrease macrophage accumulation in the LAD compared with the LCX (Fig. 8) . It has been shown that attenuating macrophage infiltration with a neutralizing antibody for monocyte chemoattractant protein-1 following balloon injury attenuates lesion formation. Therefore, attenuation of macrophage accumulation in the NI is a potential mechanism by which EX mediates its artery-specific effects on lesion development. However, future studies designed to test this directly will need to be performed to provide a definitive mechanism for the vessel-specific effects of EX.
In conclusion, previous evidence demonstrates a role for anti-inflammatory molecule TGF-␤1 (21) and EX to inhibit proliferation and restenosis following PTCA (18, 24, 34) . However, no studies have examined the relationship between anti-inflammatory molecules and coronary restenosis during exercise following PTCA. Our results demonstrate that EX inhibits postangioplasty neointimal size and composition and inhibits SMC proliferation in a coronary artery-specific manner, with the EX response being predominant in the LAD compared with the LCX. Type I collagen, which stimulates SMC proliferation in vitro (17, 20, 35) , was decreased in the LAD, but not in the LCX, suggesting that EX inhibits type I collagen expression, resulting in inhibition of proliferation and lesion size. EX significantly increased total collagen and decreased fibronectin expression within the NI, implying that decreased expression of fibronectin may enhance collagen expression via inhibition of MMPs (19, 39) . Collectively, these data provide novel mechanistic insight regarding the beneficial EX-induced effects on neointimal lesion size composition following PTCA.
Although the present data demonstrate an ability of EX to attenuate NI expansion following PTCA, there are, as with any study, limitations. Firstly, PTCA without stent placement is used infrequently compared with PTCA with stent deployment; therefore similar studies should be performed with stent placement to verify the artery-specific effects of EX on in-stent stenosis in the coronary arteries. Secondly, the commonly used balloon injury protocol in swine free of coronary disease, as utilized in this study, contrasts to clinical PTCA with stent placement performed in patients with preexisting atherosclerotic lesions. These data need to be interrupted with caution when extrapolating our findings to conditions with preexisting atherosclerotic lesions and stent deployment.
